Cross-diffusion phenomena are experimentally shown to be able to induce convective fingering around an initially stable stratification of two microemulsions with different compositions. Upon diffusion of a salt that entrains water and AOT micelles by cross-diffusion, the miscible interface deforms into fingers following the build-up of a non-monotonic density profile in the gravitational field. A diffusion model incorporating cross-diffusion effects provides an explanation for the mechanism of the buoyancy-driven hydrodynamic instability and for the properties of the convective fingers.
Introduction
Cross-diffusion, whereby a flux of a given species entrains the diffusive transport of another species, has recently been shown to trigger a wealth of new pattern formation dynamics in reaction-diffusion (RD) systems. In particular, the influence of cross-diffusion on RD Turing patterns and wave instabilities has been studied both theoretically [1] [2] [3] [4] [5] [6] and experimentally. 7 Typical systems in which cross-diffusion-driven reactive patterns can be studied include AOT (sodium bis(2-ethylhexyl)sulfosuccinate aerosol OT) micelles, for which a large number of RD patterns have been characterized 8 and the diffusion matrix often contains large off-diagonal terms. [9] [10] [11] [12] Cross-diffusion effects are also known to be able to trigger convective motions around liquid interfaces in the absence of chemical reactions. Experimental studies of a ternary system, polyvinylpyrrolidone(PVP)-dextran-H 2 O, 13 have indeed demonstrated hydrodynamic instabilities at the miscible interface between non-reactive solutions exhibiting large cross-diffusion properties. Specifically, the development of convective fingers was observed when an aqueous solution of dextran was placed above a more dense aqueous solution of equimolar dextran containing polyvinylpyrrolidone (PVP). Starting from an initially stable density stratification, the diffusion of PVP from the lower solution to the upper one generates a co-flux of dextran. In turn, this cross-diffusion effect causes an inversion of the density profile at the miscible interface and the appearance of convective fingers. This system and new variants with polymers other than PVP have been thoroughly investigated both experimentally and theoretically. [14] [15] [16] [17] Subsequently, the effect of additives on the PVP-dextran-H 2 O system was investigated in more detail. [18] [19] [20] From a theoretical perspective, a general theoretical framework of the stability conditions of miscible interfaces with regard to buoyancy-driven convection in the presence of cross-diffusion effects has been developed. 21 However, only a limited number of systems were investigated experimentally and in all of them cross-diffusion was generated by the flux of large polymers and molecules i.e. by an excluded volume effect.
Cross-diffusion effects are thus known to yield a large variety of pattern-forming instabilities, either when they are coupled to reactive processes, like in AOT microemulsions, or when they influence density profiles and trigger convection, as in polymeric systems. It is likely that both the reactive and convective effects should be able to interact, giving rise to a wealth of possible reaction-diffusion-convection (RDC) patterns and instabilities to be studied. To open such perspectives, it is important to first have a model system in which both RD and convective instabilities are separately well documented. In this context, it is of interest to determine whether the cross-diffusion-driven convective fingering studied in polymers can also be obtained in AOT microemulsions, for which the diffusion matrix also often contains large off-diagonal terms, and if so, determine their properties.
Here we investigate the properties of the hydrodynamic convective patterns triggered by cross-diffusion in microemulsions in the absence of any reaction. In particular, we experimentally characterise the fingered convective motions growing over time at the interface between two identical H 2 O-AOT-octane waterin-oil reverse microemulsions (AOT-ME) in a gravitational field, where the lower, more dense solution contains a simple watersoluble molecule (NaBrO 3 ) that is free to diffuse towards the upper, less dense layer (see Fig. 1 ). We develop a theoretical model to connect the dynamic development of the pattern to the spatio-temporal evolution of the density profile of the system. Good qualitative agreement between the instability scenarios predicted by the theoretical model and the experimentally observed convective pattern is obtained. As the microemulsion system under study here is known to exhibit a large variety of patterns where crossdiffusion may couple to reaction processes, 7 our results provide characterisation of a good candidate for future studies of crossdiffusion-driven RDC instabilities. In the following sections, we introduce the cross-diffusive properties of AOT microemulsions and describe the experimental methods. The experimental results are presented in Section 4 and are interpreted by means of numerical calculations. Conclusions are outlined in Section 5.
Cross-diffusion in microemulsions
In multicomponent solutions (multiple solutes in a solvent), diffusion processes can be described by Fick's law generalized to an n-component system,
where the flux f i of species i depends on the concentration gradients (rc j ) of all the other species. D ii represents the diagonal terms of the diffusion matrix, which are called the main terms, while the off-diagonal elements D ij are known as the cross-diffusion coefficients. Thus, in an n-component system (n À 1 solutes plus the solvent), the diffusion matrix has (n À 1) 2 elements, n À 1 main terms and (n À 1)(n À 2) cross-diffusion terms. The sign of the crossdiffusion terms can be either positive (co-flux) or negative (counter-flux), depending on the type of interactions the solutes are involved in. Among others, three important mechanisms in which cross coefficients can be quite large (even larger than the main terms) are electrostatic interactions, excluded volume effects, and complexation. 22 As in polymers, excluded volume mechanisms can be particularly important in microemulsions, even though further mechanisms related to the size of the water droplets are at play. 10, 12 A microemulsion is a thermodynamically stable dispersion of two immiscible liquids in the presence of a surfactant. Their properties as a two-fold solvent, both for hydrophilic and hydrophobic species, are useful for many applications, including pollution remediation, drug delivery and the synthesis of nano-materials. 23 Many physical properties (such as conductivity and viscosity) of the AOT-ME show a threshold-like dependence on f d , the volume fraction of the dispersed phase 8, 24 the microemulsion can be accurately characterized as a medium in which water droplets float freely. The radius of the water core of a droplet in nanometers is roughly given by r = 0.17o, where o = [H 2 O]/[AOT]; r is independent of the octane volume fraction in the microemulsion. The total radius of the droplet plus the surrounding AOT monolayer (hydrodynamic radius), r d , exceeds r by the length of an AOT molecule (C1.1 nm). 25, 26 Measurements of the cross-diffusion coefficients in ternary AOT microemulsions (H 2 O (1)-AOT (2)-oil) revealed that the cross-diffusion coefficient D 12 , which describes the flux of water induced by a gradient in the surfactant concentration, can be significantly larger than both D 11 and D 22 , i.e. the main diffusion coefficients of water and AOT, respectively. 9, 10 The ratio D 12 /D 22 increases with the mean radius r of the water droplets. Large co-fluxes of H 2 O and AOT can also be induced by a water soluble species in quaternary systems (H 2 O (1)-AOT (2)-additive (3)-octane), where D 13 and D 23 were found to be large and positive. 11, 12 AOT microemulsions are thus typical systems in which cross-diffusion effects are the source of a large variety of pattern-forming instabilities. While this has already been largely demonstrated under RD conditions, let us now show that cross-diffusion can also trigger specific convective patterns in unreactive AOT systems.
Experimental methods
The experimental setup (see Fig. 1 ) consists of a specifically designed, vertically oriented, Hele-Shaw cell (two glass plates separated by a thin gap of 0.5 mm) filled with the solutions of interest. 27 Two microemulsions are layered in the Hele-Shaw cell: the bottom one (ME B ) contains the unreactive species NaBrO 3 in the water core of the droplets, and the top one (ME T ) does not. The two microemulsions have the same structural characteristics (i.e. same o and f d ), so that only NaBrO 3 exhibits a concentration gradient between the two layers. Water-in-oil microemulsions were prepared using distilled water, AOT (Aldrich) and octane (Sigma reagent grade). The octane was further purified by mixing it with concentrated H 2 SO 4 for four days. A stock solution of AOT in octane ([AOT] = 1.5 M) was prepared and diluted to the experimental values of o and f d by adding water and an aqueous stock solution of 0.4 M NaBrO 3 (Sigma analytical grade). In the following sections, we will refer to the concentration Under these conditions the diffusion matrix of the microemulsions has been characterized in detail for the ternary system (H 2 O (1)-AOT (2)-octane), [9] [10] [11] and for several additives in quaternary (H 2 O (1)-AOT (2)-additive (3)-octane) 12 and pentanary systems (H 2 O (1)-AOT (2)-additive1 (3)-additive2 (4)-octane). 7 In particular, Table 1 reports the diffusion matrix D of a quaternary system where NaBrO 3 is the third component. Verification experiments were also run by using the colored salts KMnO 4 or K 2 Cr 2 O 7 in the place of NaBrO 3 . The two microemulsions were simultaneously pumped into the cell, avoiding the formation of air bubbles, through the inlets positioned at the top and bottom of the reactor (see arrows ''In'' in Fig. 1 ). The excess of the solutions was pumped out through the cell's outlets (see arrows ''Out'' in Fig. 1 ) until a flat interface between the two liquids was obtained; both the cell inlets and outlets were finally closed to avoid leakage. The dynamics at the interface were recorded with a commercial optical device implementing the Schlieren technique. 28 This technique allows one to visualize density gradients and hence convective motions in colorless fluids, thanks to changes in the refractive index.
The density of the microemulsions was measured at a constant temperature (21.5 1C) for different concentrations of NaBrO 3 at o = 12 and f d = 0.18. Moreover, measurements were performed at different values of o and f d in order to establish how the density varies with the concentrations of AOT and water. The solutal expansion coefficients thus obtained were used in the numerical calculations presented in Section 4.2.
Results and discussion

Convective patterns
Experimental measurements show a slight increase in the density of the solution when NaBrO 3 is added to the water-inoil microemulsion. The initial stratification of the two identical microemulsions with NaBrO 3 added in the lower layer ( Fig. 1) is thus statically stable, the bottom layer being more dense. Soon after contact, convective patterns develop in a few minutes around the initial flat contact line. Fig. 2 shows the appearance of convective fingers, which grow upwards and downwards around the interface, in a system where [NaBrO 3 ] B = 0.1 M and [NaBrO 3 ] T = 0 M. Here we assume that the addition of the fourth component in the bottom layer does not change the structural parameters of the microemulsions. 11 The typical growth dynamics of a single finger can be followed and characterized from the space-time (ST) plot depicted in Fig. 2f that is built along the vertical line in Fig. 2a . The system was analyzed in the first 1500 s from the beginning of the experiments, when the fingers still grow almost vertically before being bent and distorted by their complex interactions. The ST plot reveals that the typical development of the fingers is not symmetric with respect to the interface at all times. Indeed, upward growing fingers develop faster (B140 mm min À1 ) than those growing downwards (B130 mm min À1 ). However the maximum length reached in both directions after B900 s, before the onset of the lateral flows, is the same (B1.8 mm).
As the magnitude of the cross-diffusion coefficients depends on the composition of the solution and on the gradient in the concentration of the solutes, 12, 22 the concentration of the salt in the bottom layer was varied in the range 0.1 r [NaBrO 3 ] B r 0.4 M to determine its effect on the fingering dynamics. The response to such concentration changes was analyzed by means of the following characteristic parameters: the onset time t 0 , which is defined as the induction time of the convective instability; the total mixing length l m , which is the mean total length of the straight fingers; the finger growth rate v m , which gives the averaged speed at which convective fingers develop; and, finally, the hydrodynamic wavelength l m , defined as the average distance between two consecutive fingers. t 0 , l m and v m can be directly extrapolated from vertical space-time plots as in Fig. 2f , while the values for l m are calculated by means of space-time plots stacked along the horizontal interface between the two layers (see dashed line in Fig. 2a ). As an example, Fig. 3 shows the horizontal ST plot for a system containing [NaBrO 3 ] B = 0.2 M in the bottom layer. It can be noticed how the appearance Table 1 Quaternary diffusion coefficients (in 10 À6 cm 2 s À1 ) for the water (1)-AOT (2)-NaBrO 3 (3)-octane system when o = 11.84, f d = 0.18 Fig. 4 , where a decreasing trend can be seen for all the parameters. The emergence of convective patterns cannot be attributed to surface tension-driven instability. As a matter of fact, the two layers in our system are completely miscible and there is no interfacial reaction which can promote the formation of surface tension gradients with the formation of new surface-active species. Indeed, the conditions for Marangoni instability are not met and local density changes along the gravitational field are solely responsible for the development of convective flows. Moreover, this buoyancy-driven instability cannot be due to a classical mechanism of double diffusion or diffusive layer convection, [29] [30] [31] as there is no solute in the top emulsion that could trigger differential diffusion. Here, cross-diffusion phenomena have to be taken into account to explain the mechanism of the instability. Intuitively, the mechanism can be understood by bearing in mind that, in the presence of positive cross-diffusion coefficients like the ones in this microemulsion system, one species is able to generate a co-flux of the other solutes present in the solution even if there is no gradient in their concentrations. In particular, a gradient in [NaBrO 3 ] can trigger the motion of a large quantity of H 2 O and AOT molecules since both crossdiffusion terms D 13 and D 23 are large and positive (Table 1) . Moreover, the motion of AOT generates, in turn, a further co-flux of H 2 O (see D 12 ). Therefore, when NaBrO 3 diffuses from the bottom to the upper layer, it drags along both H 2 O and AOT molecules thus generating a non-monotonic density distribution around the contact line, destabilizing an initially stable system.
At this stage it is not easy to understand the dependence of the hydrodynamic parameters upon [NaBrO 3 ] B . However, we have to consider that the increase of the salt concentration causes two main effects in the system. On the one hand the density of the bottom layer increases and stabilizes the interface; on the other hand, the magnitude of the cross-diffusion coefficient changes in a non-trivial way. 12, 22 Therefore the exact dependence of D ij upon [NaBrO 3 ] must be known in order to have a clearer picture of the system. Further insights into the instability mechanism can be drawn with a theoretical analysis of the density profiles of the system.
Theoretical interpretation of experimental scenarios
Density profiles for our ternary system can be reconstructed starting from Fick's equations with cross-diffusive terms explicitly included, i.e.
In eqn (1)-(3), A, B and C represent the dimensional concentrations of H 2 O, AOT and NaBrO 3 , respectively; D II are the main self-diffusion coefficients of the I-th species and D IJ (I a J) define the cross-diffusivities of the I-th species with respect to the J-th solute. Although cross-diffusion coefficients depend on the chemical composition of the system, as a first approximation, we consider them as constant here. 7 In a 1D spatial domain of length L z along the vertical z-axis, sketched in Fig. 5 , we consider a homogeneous initial distribution A(z,0) = A 0 , B(z,0) = B 0 , while a sharp initial gradient is imposed for the solute C(z,t), according to the step function solutions with different initial concentrations of C start mixing by diffusion without affecting the thermal properties of the system. The model equations can be conveniently cast into a dimensionless form by introducing a reference space scale, L 0 , and the diffusive time scale, t 0 = L 0 2 /D CC . We can then define the dimensionless space and time variables z = z/L 0 and t = t/t 0 , respectively. If we scale the chemical concentrations as (a,b,c) = (A À A 0 , B À B 0 , C À C T 0 )/DC 0 , where DC 0 = C B 0 À C T 0 , the dimensionless model reads
Here the dimensionless parameters d ii = D II /D CC are the ratios of the main molecular diffusion coefficients of the chemical solutes to that of species C, while d ij = D IJ /D CC are the ratios of the cross-diffusion coefficients of the chemical solutes to that of species C. In the dimensionless variables our problem is defined by the initial concentration profiles a(z,0) = b(z,0) = 0 and
With the assumption that the concentration of the chemical solutes changes only slightly with respect to the initial reference conditions (at least in the first phase of the diffusive process), the dimensionless density of the system at a certain time, r(a,b,c,z) = (r 0 À r T )/(r T a C DC 0 ), can be expressed as a first order Taylor expansion of the concentrations as r(a,b,c,z) = R a a(z) + R b b(z) + c(z) (7) where the buoyancy ratios R i = a I /a C control the relative contribution of the I-th species to the global density; a C ¼ 1 r T @r 0 @½C and a I ¼ 1 r T @r 0 @½I are the solutal expansion coefficients of C and the I-th solute, respectively; r T is the dimensional density reference of the upper solution (A 0 ,B 0 ,C T 0 ) and r 0 (z,t) is the dimensional density.
By introducing the solutions to the diffusion problem defined by eqn (4)-(6), in eqn (7), we can compute the spatio-temporal evolution of the dimensionless density profile. Although r(a,b,c,z) does not contain any extended information on the possible hydrodynamic patterns, since it cannot take into account the nonlinear coupling between convective flows and concentration fields, the density profiles provide qualitative information on the expected instability scenarios. Indeed, hydrodynamic instabilities are typically expected in spatial domains where the density decreases along the gravity field g, as we then have a locally more dense zone above a less dense one. The criteria for hydrodynamic instability are thus either (i) a monotonic downward decreasing density (with an absolute maximum in the upper layer) or (ii) nonmonotonic configurations with local maxima and minima so that, at least, in a local zone qr/qz o 0.
We numerically integrated the eqn (4)-(6) by using the Crank-Nicolson method, imposing no-flux boundary conditions at the borders of the spatial domain of 1000 space units in length. Simulations are run for 10 000 time units, using a spatial step hx = 0.5 and a time step ht = 1 Â 10 À3 . The main parameters of the diffusion problem (d ii , d ij ) are computed from experimental data (see Table 1 ) and are listed with the buoyancy ratios R i in Tables 2 and 3. In Fig. 5 we show the dimensionless concentration profiles of the species a, b and c at different times. The dynamics of species c feature the classical flattening response of diffusive transport to an initial step concentration profile, according to the analytical solution 1 2 erf Àz=ð2tÞ
. This behavior does not destabilize the system. However, as soon as c starts to diffuse, it entrains a and b due to cross-diffusion. As a consequence, the initially homogeneous distributions of a and b become nonmonotonic with a local mass accumulation and depletion just À0.007 À0.170 1 c above and below the initial interface, respectively (see dashed curves in the first and second panels from the left in Fig. 5 ). The transfer of a and b is sustained as long as the gradient of solute c is not completely smoothed out. It results in a final monotonic stratification in a and b on the upper layer, as described by the dotted curves in the first and second panels from the left in Fig. 5 . It is worth noticing that the effect of this process is much more significant for species a, which presents the highest cross-diffusion coefficient with the mass-driving species c.
As shown in the lower panel of Fig. 5 , the concentration dynamics influence the global dimensionless density profiles, constructed using eqn (7) , and the values of the buoyancy ratios in the ranges reported in Table 3 . Within the large variance of the measured solutal expansion coefficients, a wide spectrum of morphologies of the density profiles can be found, including a monotonically downward increasing density along the spatial axis, featuring hydrodynamically stable situations. Here we show the results for a set of buoyancy ratios {R a = 0.075, R b = 2.4, R c = 1} that produces dimensionless density profiles that match the experimental findings, i.e. the development of convective fingers as described above. The dimensionless density r(a,b,c,z) evolves from a stable stratification to a non-monotonic profile characterized by a maximum and a minimum that are symmetrically located across the line which initially separates the two layers. Eventually a monotonic shape with an absolute maximum in the upper layer is obtained. In the presence of the gravitational field, such a density configuration generates the convective scenario observed in the experiments (see Fig. 2 ).
The density distribution along the gravitational axis also helps the understanding of the dependence of the cross-diffusion-induced instability upon the initial concentration gap, DC 0 . The curves in Fig. 6 describe the morphological variation of the density profile when C B 0 is increased from 0.1 to 1 M and the concentrations of A and B are fixed at 3.59 M and 0.299 M, respectively, where the microemulsions are structurally stable. Note that, in order to better appreciate the response of the system to these concentration changes, in Fig. 6 we show the dimensional density profiles. Concentration and density dimensionless profiles are, by definition, renormalized over DC 0 and thus independent from variations in this parameter. Clearly a non-monotonic profile, characterized by a local mass accumulation above and a depletion zone below the initial interface, persists even if the density of the bottom layer is shifted to higher values. As explained in previous papers, [29] [30] [31] [32] similar non-monotonic profiles are typical of reactive and non-reactive two-layer miscible systems characterized by differential diffusivity. For instance, if a solution of a slow-diffusing solute 1 overlies a more dense solution of a fast-diffusing species 2, a locally unstable density stratification will develop over time. 31 In these instability scenarios, when the density barrier below the interface increases, the characteristic time scale for the onset of the hydrodynamic instability increases and, conversely, convective motions are less intense, as the density extrema that are responsible for the convective motions progressively decrease along the global density profile. 33 In our experimental investigations we found a decreasing trend for all the hydrodynamic parameters upon increasing the initial concentration of the salt in the bottom layer. At present it is difficult to give a full explanation for these trends, because the exact dependence of the cross-diffusion coefficients upon [NaBrO 3 ] must be known. In fact, according to our model, two opposite factors are at play in our system. The increment of C in the bottom layer both increases the density of the solution (stabilizing effect) and at the same time enhances cross-diffusive phenomena (destabilizing effect). For the set of parameters considered here {d ii ,d ij ,R i }, the resulting system is intrinsically unstable and, in our model, independent from DC 0 . The parameters which characterize the instability dynamics are related to the ratio between the difference in density across the interface (density maximum and minimum above and below the interface, respectively) and the initial density difference between the top and bottom layer. 33 In our model, this ratio remains constant with increasing DC 0 , the latter being a proportional factor for both terms. However, Fig. 6 shows an enhancement of the density barrier below the density minimum in the lower layer, which restrains the downward finger displacement and explains the asymmetric growth rate along the upward and downward directions found in the experiments (see Fig. 2f ). This also explains the decreasing trend of l m and v m reported in Fig. 4 . In order to account for the behavior of t 0 and l m , exact measurements of the dependence of cross-diffusion coefficients D 13 and D 23 upon [NaBrO 3 ] are in progress, and their inclusion in a more detailed model will be the subject of a forthcoming paper. Within our theoretical framework we can predict a hydrodynamic stabilization of the system by replacing the salt in the bottom layer with a species characterized by a larger solutal expansion coefficient which, even with similar cross-diffusion effects on the other species, prevents the formation of nonmonotonic density distributions. In this way, in fact, we can increase the density of the bottom layer without triggering any cross-diffusive transport due to concentration effects.
Conclusion
In ternary and quaternary microemulsion systems, cross-diffusion coefficients can be much larger than the diagonal terms of the diffusion matrix, i.e., the motion of one solute along its concentration gradient causes a flux of the other solutes either along (co-flux, positive cross-diffusion sign) or against (counter-flux, negative sign) that concentration gradient. We have shown here that microemulsions feature a novel system where cross-diffusiondriven hydrodynamic instabilities can occur. Cross-diffusion is able to destabilise a homogeneous solution of microemulsion with regard to convective fingering, provided that a concentration gradient of an additional species is initially present in the system. Specifically, if two identical water-AOT microemulsions are in contact in a vertical Hele-Shaw cell, the interface between them can be destabilised because of a buoyancy-driven instability when the lower solution contains a simple water-soluble molecule that triggers positive cross-diffusion. By pulling the other species along its upward transport, the motion of this unreactive molecule induces the build-up of a non-monotonic density profile in time and hence the onset of convection. We showed here the behavior for NaBrO 3 , for which the diffusion matrix is known, but similar results were obtained in experiments where the water-soluble species was either KMnO 4 or K 2 Cr 2 O 7 . We studied the properties of the related convective fingers experimentally and explained their characteristics using a crossdiffusion model. Work is in progress to explore new scenarios in which the chemical species experience a negative crossdiffusive interplay. A key step for a deep understanding of these phenomena is to elucidate the actual effect of local concentration on the cross-diffusion terms and, hence, on the hydrodynamic instabilities.
Our results open perspectives in the study of cross-diffusiondriven RDC patterns in microemulsions. Indeed, the H 2 O-AOToctane system is well known to yield numerous RD patterns when oscillatory chemical reactions are dispersed in the microemulsion nanodroplets. In these systems, cross-diffusion effects certainly play a role in the pattern selection and evolution. The replacement of the inert salt used here by a full set of chemical species reacting in the micellar environment is thus likely to increase the variety of pattern-forming instabilities through a synergy between RD and convective instability mechanisms.
